A cDNA clone library was prepared from liver poly(A) RNA of nonestrogenized Xenopus laevis.
INTRODUCTION
The vitellogenic response of oviparous vertebrates to estrogen is a useful model system for the study of the regulation of gene expression by steroid hormones.
Administration of the steroid to a female or a male animal results in the induction and accumulation of large quantities of vitellogenin mRNA and its subsequent translation and secretion of vitellogenin into the circulation (1, 2) . During this response the constitutive production of serum proteins, and more specifically serum albumin appears to be repressed by estrogen (3) (4) (5) (6) . In chickens the decrease in serum albumin is not very dramatic, although functional albumin mRNA has been shown to decrease 2-fold and remain repressed even after vitellogenin synthesis has ceased (3) . In Xenopus, however, the response is much greater, resulting in the virtual cessation of albumin production both ^n vivo (4) and in vitro (5, 6) . Albumin synthesis might therefore provide a useful model for both constitutive gene expression and its repression by a specific hormonal stimulus.
To implement studies on the regulation of albumin gene expression, a double-stranded cDNA to albumin mRNA was cloned into the Pst I site of pBR322.
In the course of mapping these cDNA clones with restriction endonucleases, 2 classes of cDNAs were found that had widely dissimilar restriction patterns. The heterogeneity of these cDNAs was confirmed by heteroduplex analyses. In the present report I have utilized these cloned cDNAs to examine some properties of the albumin mRNAs and structural aspects of their corresponding genes.
MATERIALS AND METHODS

Experimental Animals
Laboratory bred male Xenopus laevis were obtained from Nasco (Ft. Atkinson, Wis.) and kept in plexiglass aquaria at 20°C with a 12 hr light-dark cycle. They were fed frog brittle every 2 days, except that they were fasted for 4 days prior to killing. Animals were anesthesized by a 1 ml injection l.p. of 0.5 mg tricaine methane sulfonate (Finquel, Ayerst) in 0.9% (w/v) saline. The livers were removed, rinsed in saline, and quickly frozen in liquid nitrogen. The animals were killed by exsanguination and decapitation. The tissue was used the same day for preparation of RNA.
The handling of the red sheep for antiserum production was performed by
Bethyl Laboratories (Montgomery, Texas).
Isolation of Xenopus Serum Albumin
Serum from nonestrogenized Xenopus was dialyzed overnight against 50 mM Tris (pH 7.5) and applied to a DEAE-cellulose column. This was eluted with a linear gradient of 0 to 0.35 M KC1 and the peak eluting at 0.14 M salt was collected. This material was concentrated and dialyzed against 20 mM sodium phosphate buffer (pH 7.1). The dlalysate was then applied to an Affi-gel
Blue column (Bio Rad), washed with 2 bed volumes of phosphate buffer and eluted with 1.4 M NaCl in phosphate buffer. The albumin preparation was then dialyzed against water, lyophilized, and dissolved in 50 mM ammonium bicarbonate buffer. This was applied to a column of Sephadex G-100 (Pharmacia) and the albumin monomer peak was lyophilized to dryness.
Preparation of Sheep Antialbumin Antibodies
100 ug doses of albumin were emulsified in 0.5 ml of H2O with 0.5 ml of complete Freund's adjuvant and injected intramuscularly into red sheep at 3 week intervals. The first bleeding was performed 2 weeks after the third injection and bleedings were done 2 weeks after each subsequent injection.
The antiserum was clarified and delipidated and the IgG^fraction was obtained from 3 successive 33% ammonium sulfate precipitations ( 7 ) . After extensive dialysis against borate buffered saline 3 ml of the antibody preparation was chromatographed on DEAE-Sephacel (1.6 x 20 cm column) in 17. These were heated at 100°C for 10 min and 10 ul samples were then applied to a discontinuous 8.7% SDS-polyacrylamide gel (1 x 100 x 140 mm) (11) . Immunoprecipitation of in vitro translation products was performed by the method of Sefton et al. (12) using both sheep and rabbit antialbumln antibodies. The gels were processed for fluorography by the method of Bonner and Laskey (13) using DMSO-PPO. They were dried onto Whattman 3MM paper and exposed to Kodak X-Omat R (XR-5) film for 17 hr at 25°C.
Sucrose Density Gradient Centrifugation
The poly(A) RNA was enriched for albumin coding sequences by centrifugation on an isokinetic gradient of 10 to 30% sucrose in 10 mM sodium acetate (pH 5.2), 1 mM EDTA, 0.1% SDS in a SW-41 rotor for 15 hr at 153,000 x g max, 20°C. 0.4 ml fractions were collected from the bottom, adjusted to 10 ug of yeast tRNA, and 0.2 M sodium acetate (pH 5.2), and precipitated from ethanol.
The RNA was collected, dissolved in 50 ul of H2O and translated In the retic-ulocyte lysate as described. This usually gave a 2-fold enrichment for albumin coding material.
Synthesis and Tailing of a Double Stranded cDNA cDNA to an albumin enriched mRNA population was prepared by the method of Monahan et al. (14) in which the concentrations of each of the 4 deoxyribonucleotide triphosphates is 1 mM and the reaction is performed at 46°C. from enriched albumin mRNA. In order to detect the production of albumin antlgenic determinants, the positive colonies were then screened by a solid phase immunological procedure utilizing polyvinyl sheets onto which the antibody was adsorbed (16) . For this assay a purified IgG preparation of sheep antialbumin was radioiodinated by the Bolton and Hunter procedure (17) to a specific activity of 4.6 x 10^ cpm/ug.
Growth, Isolation and Restriction Digestion of Recombinant Plasmlds
Cultures bearing recombinant plasmids were grown in M-9 medium by the procedure of Norgard, et al. (18) in which the plasmid DNA was amplified by addition of 1 mg/ml of uridine during log phase growth followed by the addition of 100 mg of chloramphenicol/L. Plasmids were isolated by a clear lysate procedure (19) and purified by cesium chloride density gradient centrlfugation (20) . The recorabinant plasmids were then digested with restriction endonucleases following the protocols given by the suppliers.
Positive Translation Assay for Cloned Albumin cDNA
As a final screening procedure, cloned DNA containing the putative albumin cDNA was coupled to DBM paper and used to select specific mRNAs (21) .
100 ug of plasmid DNA was coupled to DBM paper and 10 ug of poly(A) RNA was hybridized to this in 20 mM PIPES (pH 6.4), 5 mM EDTA, 400 mM NaCl, 0.2% SDS, 50% formamide at 42°C overnight. The filters were washed 4 times at 60°C in 20 mM PIPES (pH 6.4), 5 mM EDTA, 200 mM NaCl, 0.1% SDS and the RNA was eluted with 1 mM EDTA (pH 7) by heating for 2 min at 100°C. It was precipitated twice from ethanol with carrier tRNA. The final pellet was dissolved in 10 ul of sterile H2O and 1 ul was translated in the reticulocyte lysate. The product of this step was Identified by lmmunoprecipitatlon.
Analysis of Nucleic Acids by Gel Electrophoresis
Multiple restriction sites were mapped by the method of Smith and Birnsteil (22) . DNA restriction fragments were electrophoresed in 1 or 1.5% agarose or 5%
polyacrylamide gels in 40 mM Tris, 20 mM sodium acetate, 2 mM EDTA buffer (pH 7.8). They were stained for 0.5 hr in 0.5 ug/ml of ethidium bromide and photographed. RNA was electrophoresed in 1.5% agarose gels in a buffer containing 50 mM boric acid, 5 mM sodium borate, 10 mM sodium sulfate, 0.1 mM EDTA (pH were purchased from New England Nuclear.
[^5i] Bolton-Hunter reagent was purchased from Amersham. Auto radiography was performed on Kodak X-Omat R film (XR-5) and enhancement was obtained with Dupont Cronex Lighting Plus screens. All other reagents were of the highest purity available.
RESULTS
Characterization of Xenopus Serum Albumin
This study was initiated by a characterization of Xenopus serum albumin so that monospecific antibodies to this protein could be used for the identification of its corresponding mRNA. Albumin was isolated by chromatography of normal male serum on DEAE-cellulose followed by affinity chromatography on Affigel blue, a resin containing Cibacron Blue that exhibits a specific hydrophobic interaction with albumins. The protein so selected was then isolated from a Sephadex G-100 column so that the monomeric form was predominant.
Albumin is a protein whose essential structural features have been highly conserved throughout evolution so it was useful to compare the amino acid composition of the Xenopus protein with those from bovine and human sera to confirm the identity of the amphibian protein. These data are presented in Table I . The amino acid analysis of Xenopus serum albumin yielded a minimum molecular weight of 6471 with Met as the least abundant amino acid. The number of Met residues [11] was determined by dividing the known molecular weight (72,000) of albumin by the minimum molecular weight. The quantities of the remaining amino acid residues were determined by the relative abundance ratios with respect to Met to yield a theoretical molecular weight of 71,500. The values for bovine and human serum albumins were obtained from the data of Brown (26) . Xenopus albumin has 16 disulfide bonds as compared to 17 in the mammalian proteins (data not shown).
The features to note about these data are the similarities in the content of Cys, Pro, Leu, Tyr and Phe between the three proteins. Pro and Cys play essential roles in the maintenance of the three domain structure of albumin (26) and Leu, Tyr and Phe are highly conserved in their location and number in the two mammalian proteins. The complete amino acid sequence of XSA would be necessary for a definitive comparison between these proteins, however, these data and the physical properties of our preparation strongly suggest that it is indeed albumin.
In agreement with literature reports (27) we have found this protein to have a relative molecular mass of 72,000
which is larger than its mammalian counterpart (69,000).
Isolation and Preliminary Characterization of Albumin mRNA Activity RNA was isolated from Xenopus liver by a modified guanidine hydrochloride extraction procedure and the poly(A) RNA was selected on oligo(dT) cellulose. To determine the presence of mRNA coding for albumin peptides, the poly(A) RNA was translated in a micrococcal nuclease-treated reticulocyte lysate and the primary translation products were analyzed by immunoprecipitatlon and SDS gel electrophoresis. For these studies we employed 2 antisera that were raised independently against XSA. The first was a rabbit antiserum prepared in Dr. Robin Wallace's laboratory, and the second was a sheep antiserum prepared in our own laboratory. The RNA samples were translated according to the procedure described in Methods along with a sample of poly(A)
RNA obtained from HeLa cells during the late stage of adenovirus infection.
The latter served as an internal standard both for the efficiency of translation and for the size of the translation product (along with a series of stained standards).
The data in Figure 1 show that a major band with a relative molecular mass of 75,000 was specifically immunoprecipitated with both the rabbit and sheep antisera to XSA. When the mobility of this peptide was compared to that of XSA (72,000) it was found to migrate slower under all conditions examined. The difference of approximately 3000 in relative molecular mass is equivalent to 26 amino acids and most likely reflects the synthesis of a precursor peptide in vitro. The "prepro" peptide of rat serum albumin contains 24 amino acids (28) , and in the absence of sequence data on the Xenopus protein we term the primary translation product "preproalbumin".
To approximate the size of albumin mRNA and to enrich for this species, poly(A) RNA was centrifuged on a 10 to 30% sucrose density gradient and the resultant fractions were translated ^n vitro. Messenger activity for this protein had a sedimentation rate of 17S. Prior to this step albumin immunoprecipltable material accounted for 17% of the TCA-precipitable peptides produced by ir± vitro translation. Subsequent translation assays showed the fraction recovered from the gradient now encoded 40% of the TCA-precipitable peptides, a 2-fold enrichment.
Synthesis of a Double Stranded cDNA and Cloning in E. Coll
A double stranded cDNA to the preparation enriched for albumin mRNA was synthesized by standard procedures using AMV reverse transcriptase. The conditions used (46°C, 1 mM dXTPs) tend to give lower overall yields of cDNA, however the preparation so obtained has a higher proportion of full length transcripts. The single stranded regions were removed with SI nuclease to yield the preparation used for cloning. Electrophoresis of the cDNA after denaturation with glyoxal (29) indicated that the hair-pin loop had successfully been cleaved and there was a substantial recovery of material of >2000 bp, which should roughly correspond to the size of albumin mRNA (data not shown).
An average of 20 residues of dCMP were added onto the 3' ends of the double stranded cDNA using terminal transferase. 750 ng of the resultant preparation was annealed with 3.2 ug of the plasmld pBR322 that had been exhaustively digested with the restriction endonuclease Pst I and tailed on the 3 1 ends with dGMP. This was then used to transform a log phase culture of E.
coli (294).
Approximately 4000 colonies were obtained, 95% of which were Tet r Amp s .
900 colonies were picked at random and screened for serum albumin related sequences by a modified Grunstein-Hogness procedure (16) . To screen these, a [32P] C DJJA probe was prepared from the enriched mRNA preparation and hybridized under conditions of low stringency (6 X SSC) followed by washes of high stringency ( I X SSC). The 82 positive colonies detected by this procedure were selected for further screening.
Immunologlcal Screening for Clones Producing Albumin Antlgenlc Determinants
With 82 putative albumin clones there was a good probability that some of these might have the cDNA inserted In an orientation such that albumin sequences might be expressed by the bacteria. To examine this possibility these clones were screened by the solid phase immunoassay of Broome and 
Analysis of Albumin mRNAs on Denaturing Gels
In light of the differences between the restriction maps of the class I and class II cDNA clones, albumin mRNA was examined for size heterogeneity by pXIA I Figure 6 . Analysis of albumin mRNA on denaturing gels. 100 ug of total liver RNA or 1 ug of poly(A) RNA were electrophoresed on a 1.5% agarose gel containing 5 mM methylmercury hydroxide. The RNA was transferred to DBM paper and hybridized to the same nick translated probes as used in Figure 5 . In this figure the probe was the class II clone pXIA 14. .68 Figure 7 . Southern blot hybridization of Xenopus DNA to albumin cDNAs. Xenopus DNA was digested with Eco RI and Hind III (which both have sites within the coding sequences) and Tag I and Bam HI (which have no sites within the coding sequences). The DNA samples were electrophoresed on a 0.8% agarose gel and transferred to nitrocellulose filters. These were hybridized to each of the indicated cDNA clones that were radiolabeled by nick translation.
PXIAI4
albumin mRNAs are transcribed from the same gene and are radically altered during processing, or more likely, are encoded by 2 related genes.
DISCUSSION
There have been a number of reports in the literature dealing with Xenopus albumin, however a definitive identification of this protein has been lacking. Prior to any attempts at cloning nucleic acids that encode this protein it was essential to isolate and characterize the pure peptide and prepare monospecific antibodies to it. For this purpose we defined albumin by its size, abundance, hydrophobicity, and chromatographic behavior on Cibacron Blue-Sepharose. The purified protein has a relative molecular mass of 72,000 and an amino acid composition similar to that of bovine and human serum albumins (Table I ) To determine if the heterogeneity in restriction maps was due to heterogeneity in the coding sequences, hybrids were formed between the representative cDNA clones and these were examined by electron microscopy. These experiments confirmed the observations based on restriction mapping and demonstrated that the cDNAs share little homology. Together, the restriction mapping and heteroduplex analyses indicate that the sequences that encode Xenopus albumin are widely divergent.
In the present study, I examined albumin mRNA and its J^i vitro translation products by electrophoresis under denaturing conditions and was unable to detect any size heterogeneity. Total and poly(A) RNA from Xenopus liver displayed a single band of 2.3 kb when DBM blots of methylmercury hydroxide gels were hybridized to nick translated probes from either the class I or class II cDNAs.
Furthermore, no size heterogeneity was detectable for mRNAs that were first isolated on DBM-fliters containing the cloned cDNAs (data not shown). In addition, the data in Figure 3 show that the translation products of these mRNAs have identical mobilities on SDS gels.
Some aspects of the structural organization of the albumin genes were probed by Southern blot hybridization of Xenopus DNA restriction fragments to both class I and class II cDNA clones. In these experiments, the DNA was digested with Eco RI and Hind III, which both have sites within the cDNAs, and Tag 
